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FIELD OF THE INVENTION 
[00011 The present invention relates to polymer optieal waveguides disposed on polymer 
subsrrares, and mora specif.eally. to perfluorinated polymer optical waveguides. 

BACKGROUND OF THE INVENTION 

[00 02) Opucal waveguide, tan be l o rmcd in po l ymers hy -sing . core polymer and a 

cladding polymer with the core polymer refractive index slightly h.ghcr than thai of the cladding 
polymer in the near infrared region of the third optical telecommunication wavelength window 
(around 1550 nm). In order to form useful optical waveguide dev.ee., such as in.egra.ed spliuers, 
coup.era. arrayed wavegu.de gra.ings. and optica, waveguide amphfiers, i. is essenha, ,o have 
stab ,e and low loss optica, waveguide,. The optica, loss, or attenuate of an optical wavegu.de. 
originates primarily from two sources: 1, op.icai absorption by ,he core and cladding ma.er,a, and 
2) oplical signal scattering from the waveguide. 

[0003] A general approach .0 making polymer optica] waveguides is to dispose an 

undercladding layer. The polymer core layer film subse q uen.,y undergoes ..urography and 
etcning processes from winch a rectangular —don channel is formed. An overcladding 
polyme, f„m layer is .hen disposed on .op of the waveguide core and the exposed undercladd.ng 
film layer. 
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,00,4, lt H Mb e=lna t ha t . d u ringt h e p ro c— ff orrnin g the urtdercladdir*. core and 

^^^^^^^^^ 

. , Thls tendf;nC v can be further quantified fhrough following express^ 
polymer waveguides. This tendency can 

^ x Equation 1 

0f = EK<-"lBf-CTEO(T trec -T,mb) 



0 



where: 



0f is the stress in the film; 
Ef i s the elastic modulus of the film; 
CTE, is the CTE of the polymer film; 
CTE S is the CTE of the substrate; 
T proc is the processing temperature; and 



T amb is the ambient temperature. 
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lymers contain numerous CH bonds. Polymers 
the infrared region where the optical 



with CH bonds typically have high absorption in 

signals re.de, at approximately l.Sp«. This absorption causes optica, 

the CH bonds in the polymer. Perflated polymers have no CH bonds, resutong in extremely 
tow absorption loss around the l.S|Un infrared communication wavelength. 
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[0006] It is desirable to have a 



low loss optical waveguide in whtoh the coefficient of 



fat the polymer layers do not crack or develop high stress on the substrate. 

BRIEF SUMMARY OF THE INVENTION 
[0007] Briefly, the present invention provides an optical waveguide. The optica, 
waveguide compnses a pol^sirato and a lower claddmg d.sposedon^^ The 

towe^^^ Th£ «"* 3,80 COmPnSES 8 COrC 

disposed on at least a portion of the lower cladding. 

[0008] Additionally, the present invention provides a method of manufacturing an optica, 
waveguide. The method comprises orovtoing a polymer substrate; deposing a first perhalogenated 
polym er onto the substrate; depositing a first polymer onto the first perhalogenated polymer; and 
depositing a second polymer onto the first polymer. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0009] The accompanying drawings, which are incorporated herein and constitute part of 
«. specification, illustrate a presently preferred embodiment of the invention, and. together with 
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the genera, description given above and the de.ai.ed description given be.ow. serve ,o eap.ain ,he 
features of the invention. In the drawings: 

Fig. 1 is a perspective v,ew of a polymer optical amplifier according to the present 

invention. 

Hg. 2 is a cross-sectional view of ,he poiymer optica, amplifier taken along .inea 2-2 of Fig. 

1. 

DETAILED DESCRIPTION OF THE INVENTION 
gWW m .he drawings, like numerals indicate like dements throughout. Co-pending U.S. 

pa,en, app.ica.ion Seria, No. 09/ (Attorney Docket No. PHX-0042), filed on even 

&M . wntcn is owned by the aaatg.ee of the present invention, is tncorporated hereto by reference in 
h. entirety. As used herein, the term "element" is defined to mean ions, atoms, isotopes, and 

species of atoms of the Periodic Table. 

,0*11) Referring to Frgs I and 2, an opttcal waveguide assemb.y 100 is comprised of a 
polymer substrate 10 with a polymer opttcal waveguide 20 disposed on .he s„bs.ra,e 10. The 
waveguide 20 is comprised of a lower cladding 22, a core 24 disposed on a, .east a portion o, the 
l0 „e, cladding 22, and an upper c.addtng 26 disposed on the core 24 and a remaining portion of .he 
,„wer cladding 22. Preferab.y. me ,ower cladding 22, .he core 24, and the upper eladdtng 26 are a., 
polymers, and more preferably, all perhalogena.ed polymers, and most preferably, 
perfluoropolymers. 

[0012] Preferably, the substrate 10 is from .he sroup constating of polycarbonate, acrylic, 
polymetlty. methacrylate. ce.lu.osic, thermop.astic e.astomer. ethy.ene buty. acry.ate, ethy.ene 
vinyl alcohol, ethylene tetrafluonae.hy.ene. fluonoa,ed ethy.ene propy.enc. po.yethenmrde. 
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p ol ye,hersulfone. polyetheretherkerone. polyperfluoroa.koxyethylcne. nylon, polybenzimidazole, 
poiyester, polyethylene, polynorbomene. polyimide, polystyrene, polysulfone, polyvinyl chloride. 
p 0ly ,i„ylidene fluoride. ABS polymers, polyacrylonitrile butadiene styrene. acetal copolymer. 
poly[2.2-b, S .nfluoro,r,ethyl-4.5-difluo,o-l ,3-dioxole-co-tetratluoroe.h y lene] (sold under .he 
trademark TEFLON® AF), poly t 2.3-(perfluoroalkenyl) perfluorotetrahydrofuran] (sold under the 
trademark CYTOP"), poly[2,2.4-.nfluoro- 5 -.rifluoromethoxy-l , 3 -dioxole-co-.er,aflr,oroethylene] 
(sold under the trademark HYFLOhT). and any other thermoplastic polymers; and themroaet 
polymers. such .did* phthalate, epoxy, furan, phenolic, thermose, polyester, polyurethane. and 
vinyl ester. However, those skilled in the art will recogntze ,ha. a blend of a. leas, two of the 
polymers listed above, or other polymers, can be used. It is also preferred ,ha, the substrate 10 has 
a CTE of approxtmarely between 50 and 300 parts per million per degree Celsius. Preferably, the 
substrate 10 is generally circular and is approxtmately between 7,5 and 15 cenumeters (3 and 6 
inches) in diameter. 

[00131 Preferably, the lower cladding 22 is a halogenared polymer, more preferably a 
fluoropolymer, and most preferably, a perfluoropolymcr including a perfluoropolymer from the 
group consisting of TEFLON* AF. CYTOP®. and HYFLON®, although those skilled in the art will 
recognize .ha, other polymers or polymer blends can be used for the lower cladding 22, It is also 
preferred that .he lower cladding 22 has a CTE of approximately between 50 and 300 parts per 
million per degree Celsius. II is also preferred that the CTE of the substrate 10 and the CTE of the 
lower cladding 22 differ by leaa than approximately 40%. Such a difference greatly reduces 
thermal expansion differences between the substrate 10 and the lower cladding 22, minimizing the 
ttelihood of developing cracks and stress in the lower cladding 22 during furrher manufacture of 
the waveguide assembly 100. 
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[00U] The core 24 is preferably a poiyne, more preferably a ha,o g enated polymer, and 
mo s, p*., a perfluonapo.yme, More preferably, for optica, anapltfter appltcattuns. the core 
, 4 is constructed from a pemuoropolytner c„n,a,nin g a, leas, one .are earth elereen, from the g roup 
con*** o, — n, cettun, p—un, neodytniurn. pn,— . ^ 

^ pe—lynters a, in U.S. Pa,en, Apphcatton He *- '« 

„ 2000; 09/722,2!. fi.ed 2S Novetnber 20O0; and 09/722. 2S2, filed 2* November 2000, 
and 60/314.902, filed 24 Au g „s, 200! . wbtcb are all owned by - »f - <~ 

"^"e^ner^^ 

the core 24 can be a blend of polytners inc«n g a, leas, a fir*, polynaer con,a,nin g one o f tne rare 

- — ^^--•-.--»-»-----* , '*- ,,,,,4 - < " ta " 
cladding 22. 

L0015, The upper Cadding 26 is preferably a polynte, more preferably a ha,o 8 ena,ed 

reco^thauhe upper ^«-**--**.»----* 1,< ""- 
pol y m er.. lt bou g b,.,apre f erred th a t ,eup P ere,addi„ g 26 h ave I Hesame.or„ear,y t be S a m e, 

refractive index n tl as the lower cladding 22. 

mW Preferably, the lower c,add,n g 22 and the upper c.addln, 26 bave a conrnton 

. , ingl e reode. Por the case where the c,addin g .ayers 22, 26 are —on, with a s,n g le 
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captured by the. dimensions V parameter, defined by: 



X 



Equation 2 



and a is the width of the core 24, also preferably in nanometers. The V parameter must be less than 

, __.„ in | ow optical efficiency coupling to an opt.cal 

achieve V < 2.5. Such a requirement may result low p 

i „H„« For a V of 2.5, with An of approximately 0 04. at a 
fiber, resulting in undestred signal loss. Fo, a 

X of 1 550 nanometers, a is appro*, ,, .,, 3000 nanometers or 3 microns. 

opta , mp „f,e, .though those — in the a* w,„ recogniae tha, the waveguide assembly ,0 

element as described above. 

f tnre the waveguid e assembly .100, the substrate 10 isfirst prepared. 
[00.18] To manufacture the wavegmuc 

llKSl , rfa ceo f ,hesub S ,ra,e 1 0.Typ,ca„y,a — is caa, or injection mo,ded. p— a 

, jj' tn the surface of the. substrate U). I lie 
pr ep ar ed t oprovide b et l eradhesiono fl he 1 „we,c,addmg22tothesorf 

p(efemd roughenmgmethodisto perform reaetweionerching^usmgargon. argon 
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physically deforms the surface of the substrate 10. generating a desired roughness of approximately 
50 to 100 nanometers in depth. The preferred method that changes the chemical properties of the 
surface of the substrate .10 is to perform RTF using oxygen. The oxygen combines with the polymer 
comprising the surface of the substrate 10, causing a chemical reaction on the surface of the 
substrate 10 and oxygenating the surface of the substrate 10. The oxygenation of the substrate. 10 
allows the molecules of the perfluoropolymer comprising the lower cladding 22 to bond with the 
substrate 10. Although RIB with argon and oxygen is disclosed, those skilled in the art will 
recognize that other methods can be used to prepare the substrate 10. Alternatively, the substrate 10 
can be prepared by applying a fluorinated coupling agent, such as a fluorosilane, to the substrate 10. 

[0019] The lower cladding 22 is then deposited onto the substrate 10. For a lower 
cladding 22 constructed from HYFLON®, solid HYFLON® is dissolved in a solvent, perfluoro (2- 
butyltetrahydrofuran), which is sold under the trademark FC-75, as well as perfluoroalkylamine, 
which is sold under the trademark FC-40. Other potential solvents are a perfluorinated polyether, 
such as that sold under the trademark H GALDEN® series HT170, or a hydrofluoropolyether, such 
as that sold under the trademarks H GALDEN® series ZT180 and ZT130. For a lower cladding 22 
constructed from other polymers, each polymer is dissolved in a suitable solvent to form a polymer 
solution. The polymer solution is then spin-coated onto the substrate 10 using known spin-coating 
techniques. The substrate 10 and the lower cladding 22 are then heated to evaporate the solvent 
from the solution. 

[0020] Preferably, the lower cladding 22 is spincoated in layers, such that a first layer 22a 
is applied to the substrate 10 and annealed to evaporate the solvent, a second layer 22b is applied to 
the first layer 22a and annealed, and a third layer 22c is applied to the second layer 22b and 
annealed. Preferably, after all of the layers 22a, 22b, 22c are applied, the lower claddmg 22 has 
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achieved a height of between 8 and 12 M« though the applrcation of three layers 22a. 
22b, 22c are described, those sW.led in the art will recogntze tha, « or ,ess than three layers 22a. 
22b, 22c can be used. 

(0021) Stnce adhes.on of .he lower cladding 22 to the substrate 10 can be poor due to the 
non-adhesiveness of the pertluoropn.ymer used as the lower cladding 22. adhesion testing was 
performed to determine the adhesion of .he lower cladd.ng 22 ,„ .he substrate ,0. The testing was 
performed with several substrates, firs., with a substrate ,ha. had no. been cleaned or prepared pnor 
reapplying .he lower claddrng 22, second, with a substrate .ha. had been cleaned but no, prepared 
prior ,0 applymg the lower dadding 22. and third, with a substrate .ha. had been both cleaned and 
prepared prior .0 applying .he lower cladding 22. For .he prepared substrate, .he prepara.ion 
consisted of performing RE wi.h oxygen. Tire .es. consis.cd of .along a cross ha.ch cutrer with 
four cutting edges and cutting through the .ower cladding 22 and jus. into each substrate 10, 
forming a firs, series of cuts. The cross ha.ch cutter was then .aken a. right angles to the firs, series 
of cuts ,0 make a second series of cu,s. fanning a lattice pa„em. The lower cladding 22 was 
brushed l,gh„y to remove any ,oose fla.es of lower c.addmg 22. Tape wi.h an adhesive s,ren g ,h of 
approxunately .2.3 New,ons/25 mm (45.0 os/in) was applied ,o ,he lattice pattern and removed 
The lower cladding 22 on each substrate 10 was men viewed under a microscope. 

[00221 Table I, below, prov.dcs resu,.s of .he adhearon tests, which show tha. preparing 
the substrate 10 prior to depositing the !ower Caddmg layer 20 viriua.ly ehmrnated flaxang of the 
lower cladding 22 from the surface of the substrate 10. 
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Substrate 


ISO Value 


Uncleaned and unprepared 




Cleaned and unprepared 


5 


Cleaned and prepared 


0 



[0023] An ISO value of 5 generally corresponds to any degree of flaking that exceeds 65% 
of the affected area after cross-cutting and an ISO value of 0 generally corresponds to the edges of 
the cross-cuts being completely smooth and none of the squares of the lattice being detached. 

[0024] After the lower cladding 22 has dried, the rare earth containing core 24 is deposited 
onto the lower cladding 22, preferably using the same technique as described above to deposit the 
lower cladding 22 onto the substrate 10. However, instead of depositing several sub-layers of the 
core 24 onto the lower cladding 22, preferably, only one layer of the core 24 is depos.ted onto the 
lower cladding 22. Preferably, the core 24 is soluble in a solvent in which the lower cladding 22 is 
not soluble so that the solvent does not penetrate the lower cladding 22 and disturb the lower 
cladding 22. For a core 24 constructed from CYTOP®, solid CYTOP® .s dissolved in a solvent, 
such as perfluorotrialkylamine. which is sold under the trademark CT-SOLV 180™. or any other 
solvent that readily dissolves CYTOP®, forming a CYTOP® solution. Alternatively. CYTOP can 
be commercially obtained already in solution. For a waveguide 100 that will be used as an optical 
amplifier, the rare earth containing perfluoropo.ymer is then blended with the CYTOP® solution and 
the combined rare earth containing perfluoropolymer/ CYTOP® solution is applied over the lower 
cladding 22. After the core 24 is dried, a preferred thickness of the core 24 and lower cladding 22 
is approximately between 12 and 16 microns. 

[0025] Next, the core 24 is etched to provide a desired core shape. Preferably, the etching 
is performed by RIE. which is well known in the art. However, those skilled in the art will also 
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recognize that other methods of etching the core 24 may also be used. While Fig. 1 discloses a 
generally straight core 24, those skilled in the art will recognize that other shapes can be used, such 
as the curved waveguide shape disclosed in U.S. Patent Application Serial No. 09/877.871, filed 
June 8, 2001 , which is owned by the assignee of the present invention and which is incorporated 
herein by reference in its entirety. Further, while Fig. 2 discloses a generally rectangular cross 
section for the core 24, those skilled in the art will recognize that the cross section of the core 24 
can be other shapes as well. Preferably, the core 24 is not etched completely down to the lower 
cladding 22, but a core layer 24a of core material is retained for manufacturing puiposes as will be 
described later herein. 

[0026] Next, the upper cladding 26 is deposited onto the core 24, the core layer 24a, and 
any remaining portion of the lower cladding 22 not covered by the core 24 or the core layer 24a. 
Preferably, similar to the lower cladding 22, the upper cladding 26 is spincoated in layers, such that 
a first layer 26a is applied to the core 24 and a remaining portion of the lower cladding layer 22 not 
covered by the core 24 and annealed to evaporate the solvent, a second layer 26b is applied to the 
first layer 26a and annealed, and a third layer 26c is applied to the second layer 26b and annealed. 
Preferably, the upper cladding 26 is soluble in a solvent in which the core 24 and core layer 24a are 
not soluble so that the solvent does not penetrate the core 24 and the core layer 24a and disturb the 
core 24 or the core layer 24a. The core layer 24a provides a barrier between the upper cladding 26 
and the lower cladding 22, so that, since the upper cladding 26 and the lower cladding 22 are 
preferably the same material, the solvent in which the upper cladding 26 is applied does not 
penetrate to the lower cladding 22. Preferably, after all of the layers 26a, 26b, 26c are applied, the 
entire waveguide 100 has achieved a height of between 15 and up to approximately 50 micrometers. 
Although the application of three layers 26a, 26b, 26c are described, those skilled in the art will 
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agnize ,ha. more or less than three .ayers 26a. 26b. 26c can be used. Alternatively, .he upper 
cladding 26 can be a differen, matenal frtrm the lower c.addmg 22. bur with a PP rox,ma,e,y .he 

refractive index as Che lower cladding 22. for example, a photocuring fluonnaied acry.a.e or a 



same 



thermoset. 

(0027] As can be seen in Fig. 2. the layers 26a. 26b. 26e are no. necessarily flat, bu. 
conrour around .he core 24 with decreasing curvature for each suceeasrve layer 26b, 26c, Although 
the las. layer 26c is shown with a generally flat .op surface, .hose skilled in the art will recognize 
ft* .he top surface of .he las. layer 26c need not necessarily be flat. mose skilled in the art will 
also recognize that single layer claddings with h.gh degrees of Harness or plananzafon can be 
achieved by eilher spincoating or casting processes. 

(MM After form.ng the waveguide 100, the waveguide 100 is cu, to a desrred size and 
shape, preferably by dicing. As shown in Fig. 1. a desired shape is generally rectangular, although 
tbose skilled in the art will recognize drat the wavegurde 100 can be cut to other shapes as well. 

[00291 ft will be appreciated by those skrlled in the art tha, changes could be made to the 
h embodiments described above without departing*™ the broad inventive concept thereof. I, is 
5 understood, therefore, tha, this mventicn is no. limited ,0 .he partrcutar embodiments dtsclosed, but 
H is rntendert to cover mediations within the spin, and scope of the present tnvention as defined 



by the appended claims. 
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